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ABSTRACT 



Experimental results for two compound angle injection systems 
(configurations 1 and 3), and for a simple injection system (configuration 2) are 
compared in this thesis. The effects of blowing ratio, spanwise hole spacing, hole 
angle orientation, and streamwise position (x/d) are discussed in reference to 
measurements of span wise-averaged adiabatic effectiveness, iso-energetic Stanton 
number, and Stanton number for 0 approximately equal to 1.5 obtained 
downstream of both one row of holes and two staggered rows of holes. Results 
indicate that effectiveness depends mostly on four parameters: simple or 
compound angle injection, spanwise hole spacing, one or two rows of holes, and 
blowing ratio. Results show* that for a specified blowing ratio, for all 
configurations tested to date, span wise-averaged adiabatic effectiveness is greatest 
at lower x/d values but decreases with streamwise development as the injectant 
is convected downstream. The rate of spanwise-averaged adiabatic effectiveness 
decrease is dependent on the blowing ratio, and mostly a result of lift-off of the 
injectant from the test surface at x/d values less than about 20. At larger x/d, 
spanwise-averaged adiabatic effectiveness values generally increase with blowring 
ratio mostly because of greater amounts of injectant along the test surface. Results 
also show that the iso-energetic Stanton number ratio lies between 1 and 1.35 for 
all cases studied and generally increases with blowing ratio for a given x/d. 
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I. INTRODUCTION 



A. BACKGROUND/THEORY 

Current inlet temperatures of gas turbines are approaching 2000 K. Such 
temperatures are required to achieve high performance levels. However, the 
same temperatures, in combination with the high rotational speeds, also put 
extraordinary stress on component materials, especially on the blades of the first 
turbine stage. For long, safe, and reliable operation, an efficient means of 
cooling these blades is thus a necessity to avoid excessive thermal stresses. Film 
cooling is one method of thermal protection for gas turbine surfaces which is 
extensively used in commercial and military applications. Of the different film 
injection configurations, simple angle injection has been the method employed 
frequently on turbine blades, turbine endwalls, combustion chamber linings, and 
afterburner linings in the past. Simple angle injection refers to situations in 
which the film is injected with holes inclined to the test surface such that injectant 
is issued approximately in the direction of the mainstream flow when viewed in 
the streamwise/spanwise plane. 

More recently, gas turbine components include film holes with compound 
angle orientations. Compound angle holes produce injectant which often provides 
better protection and higher film effectiveness than injectant from holes with 
simple angle orientations. Holes with compound angle orientations are inclined 
to the test surface such that the injectant is issued with a spanwise velocity 
component relative to the mainstream flow. Although compound angle film- 
cooling is now a common means of turbine blade protection, there are little data 
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in the archival literature on heat transfer and boundary layer behavior 
downstream of film cooling holes with compound angle orientations. One 
objective of the present test program is to provide new information on the local 
heat transfer and injectant distributions in boundary layers which develop 
downstream of film-cooling holes with compound angle orientations. 

References 1 through 9 present film-cooling results measured downstream 
of single and multiple film-cooling holes. Of these References, 2, 3, 4, 5, 7, and 
8 present results on the influences of embedded, longitudinal vortices on film- 
cooling. More recently, Mitchell [Ref. 7], Bishop [Ref. 8], and Cirellio [Ref. 9], 
present results measured downstream of injection holes with compound angle 
orientations without embedded vortices. 

In the present study, new Stanton number, iso-energetic Stanton number, 
adiabatic film effectiveness, mean velocity, mean total pressure, and injectant 
distribution data are presented and analyzed for the same simple angle 
configuration used by Cirellio [Ref. 9], as well as for a new compound angle 
injection hole configuration. Adiabatic film cooling effectiveness values are 
determined using linear superposition theory applied to Stanton number ratios 
measured at different injection temperatures. This is possible since the three- 
dimensional energy equation which describes the flow field is linear and 
homogeneous in its dependent variable, temperature. This equation is of the 
form : 




(Equation 1.1) 
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(Equation 1.2) 



where 



a = 



_k_ 

pc . 



The technique of superposition was first applied to film cooling by Metzger, 
Carper and Swank [Ref. 1]. They examined the effect of secondary fluid 
injection through nontangential slots on the heat transfer in regions near the 
injection site. They described differences due to the various tangential injection 
geometries employed as reflected by rather large variations of the adiabatic wall 
temperature. To facilitate comparisons of various film-cooling schemes, the 
parameter <t> is employed, which depends on temperature parameter 8 and 
blowing ratio m. The parameter <E> is defined as : 



<D = 



^with film injection tl 



1_ "U 

n without film injection ^o 



(Equation 1.3) 



The parameter (m) is defined as: 



m = 




P~u 



The parameter (0) is defined as: 
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(Equation 1.5) 
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In a comment on the Metzger, Carper and Swank paper, E.R.G. Eckert relates <I> 
to the adiabatic wall temperature (T aw ). The adiabatic wall temperature (T aw )» 
is defined as the temperature which the film-cooled wall assumes when the heat 
flux q in the following equation is zero. 



q = h f A(T w -T aw ) 



(Equation 1.7) 



Equation 1.4 relates heat transfer to the difference between the actual wall 
temperature and the adiabatic wall temperature with the iso-energetic heat 
transfer coefficient hf. With an adiabatic condition, q = 0 and Tw=Taw. The 
adiabatic film-cooling effectiveness is given by: 



^law 




(Equation 1.8) 



The heat flux given by equation 1.7 may also be expressed in terms of the 
difference between the actual wall temperature and the freestream temperature 
using the equation given by: 



q = hA(T w -T„) 



(Equation 1.9) 



Setting Equations 1.7 and 1.9 equal then yields: 



h = h f 




(Equation 1.10) 



The temperature term may also be given by : 

T w -T aw (T W -T..)-(T 1 W -T,) (T aw -T„) 

T w -T„ (T w -T.) (T w -T.) 



or alternatively; 



(Equation 1.11) 



1 w 



(Equation 1.12) 



Substituting equation 1.12 into equation 1.10 finally yields: 



h hf(l ^law ) (Equation 1.13) 

In this study, heat transfer data is normalized with baseline heat transfer 
coefficients, h 0 , measured when no film-cooling is employed. Dividing Equation 
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1.13 by h Q , and then expressing h, hf, and h 0 in terms of St, Stf, and St 0> 
equation 1.13 finally becomes: 



Equation 1.14 gives a linear relation between St/Sto and 0. A plot of St/Sto 
versus 0 gives a line with a vertical axis intercept of Stf/Sto, and a horizontal 
axis intercept of 1/T|aw- If temperature variations are small enough that fluid 
properties are invariant over the range of 0 considered and with respect to all 
three coordinate directions, then this line is straight, [Ref. 10]. St/St 0 
measurements at different 0 can thus be extrapolated to the axis intercepts, to 
determine the iso-energetic Stanton number ratio, Stf/Sto, and the adiabatic 
film cooling effectiveness , T| aw . 

Figure 1 1 shows St/Sto experimental data obtained at different 6 obtained 
downstream of two rows of film cooling holes with simple angle orientations 
producing injectant at a blowing ratio of 0.5, [Ref. 9]. As 6 is varied from 0.0 
to values near 3.0, the blowing ratio is maintained constant and the density ratio 
changes from 1.0 to about 0.9. In spite of these variations, the linearity of data 
in figure 1 1 is evident for all six values of x/d along the spanwise centerline of 
the test surface (Z/d=0.0). Lines through each set of data also illustrate some of 
the horizontal axis intercepts and vertical axis intercepts which give l/rjaw and 
Stf/Sto respectively. To obtain local variations of these quantities, the method of 
linear superposition is applied for each measurement location. In most cases, no 



Ct- Cf 
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(Equation 1.14) 



6 



extrapolation is needed to determine Stf/Sto because St/Sto is measured directly 
at 0 =0. 



B. PRESENT STUDY 

The objective of the present work is to determine Stanton numbers at 0 
values ranging from 0 to 3.0, at x/d ratios of 6.8, 17.4, 33.2, 54.4, 75.6 and 96.7 
for a simple angle injection system, configuration 2, and at x/d values of 6.8, 
17.6, 33.8, 55.5, 77.1, and 98.7 for a compound angle injection system, 
configuration 3. With the simple angle configuration, configuration 2, holes are 
inclined at 35 degrees with respect to the test surface in the stream wise/normal 
plane. With the compound angle configuration, configuration 3, holes are 
inclined at 35 degrees with respect to the test surface when projected into the 
streamwise/normal plane, and 30 degrees with respect to the test surface when 
projected into the span wise/normal plane. With each configuration, two 
staggered rows of holes are used. Within each row for both configurations, 
holes are spaced 6 hole diameters apart. Results presented include distributions 
of Stanton number ratios, adiabatic film cooling effectiveness values deduced 
from using linear superposition, and injectant distributions. Also presented are 
plots showing the streamwise development of distributions of mean velocity and 
mean temperature. 
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C. EXPERIMENTAL OUTLINE 



Three different types of measurements are made in the present study which 
are described as follows: 

1. Stanton numbers, Stanton number ratios , iso-energetic Stanton number 
ratios and adiabatic film cooling effectiveness at 21 spanwise locations at x/d 
ratios of 6.8, 17.4, 33.2, 54.4, 75.6 and 96.7 for configuration 2 and at x/d ratios 
of 6.8, 17.6, 33.8, 55.5, 77.1, and 98.7 for configuration 3. 

2. Mean velocity and total pressure surveys in (Y -Z) planes at x/d of 9.9, 
44.3, and 86.3 for configuration 3. 

3. Mean temperature (T- 71 ) surveys in (Y-Z) planes at x/d of 9.9, 44.3, 
and 86.3 for configuration 3. 

Data was obtained with no film-cooling to obtain a baseline set of measurements, 
as well as for 9 film-cooling arrangements. Results for the following 
configurations are presented: (1) two staggered rows of configuration 3 
compound angle film-cooling holes with a blowing ratio of m=0.5; (2) two 
staggered rows of configuration 3 compound angle film-cooling holes with a 
blowing ratio of m=1.0; (3) two staggered rows of configuration 3 compound 
angle film-cooling holes with a blowing ratio of m=1.5; and (4) one row of 
configuration 3 compound angle film-cooling holes with a blowing ratio of 
m=0.5; (5) one row of configuration 3 compound angle film-cooling holes with a 
blowing ratio of m=1.0; (6) one row of configuration 3 compound angle film- 
cooling holes with a blowing ratio of m=1.5; (7) two staggered rows of 
configuration 2 simple angle film-cooling holes with a blowing ratio of m=0.5; 
(8) two staggered rows of configuration 2 simple angle film-cooling holes with 
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a blowing ratio of m=1.0; and (9) two staggered rows of configuration 2 simple 
angle film-cooling holes with a blowing ratio of m=1.5. 

D. THESIS ORGANIZATION 

The remainder of this thesis is organized as follows. The experimental 
apparatus and procedures are discussed in Chapter II. The experimental results 
are presented in Chapter III. A summary of the results and conclusions is 
presented in Chapter IV. Appendix A contains all of the figures. Appendix B 
gives the experimental uncertainty magnitudes from Schwartz [Ref. 8]. Data 
acquisition, processing, and plotting programs are described in Appendix C. 
Finally, a data file directory listing the names of all data files contained on 
micro floppy disks is presented in Appendix D. 
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II. EXPERIMENTAL APPARATUS AND PROCEDURES 



A. WIND TUNNEL AND COORDINATE SYSTEM. 

The wind tunnel is the same one used in the experiments of Ligrani, et al. 
(1989, 1991). The facility, located in the laboratories of the Department of 
Mechanical Engineering of the Naval Postgraduate School, is open-circuit and 
subsonic. A centrifugal blower is located at the upstream end, followed by a 
diffuser, a header containing a honeycomb and three screens, and then a 16 tol 
contraction ratio nozzle. The nozzle leads to the test section which is a 
rectangular duct 3.05 m long and 0.61 m wide, with a topwall having adjustable 
height to permit a zero pressure gradient to be set along the length of the test 
section (without the film cooling) to within 0.01 inches of water differential 
pressure. The initial duct height at the nozzle exit is 0.203 m. The freestream 
velocity is 10 m/s and the freestream turbulence intensity is approximately 0.13 
percent based on the same velocity. The boundary layer is tripped using a 2 mm 
high spanwise uniform strip of tape near the nozzle exit. This trip is located 
1.072 m upstream of the surface used to measure local Stanton number 
distributions. 

Schematics showing the test section and coordinate system are presented in 
Figures 1, 2 for film injection configurations 2 and 3, respectively. Locations 
of the boundary layer trip, film cooling holes, heat transfer test surface, and 
thermocouple rows along the test surface are evident. Dimensional values of 
distances labelled in Figures 1 and 2 and are also given in Figures 3 and 4. With 
both configurations 2 and 3, an unheated starting length exists upstream of the 
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heat transfer surface when it is elevated in temperature. In regard to the 
coordinate system, Z is the spanwise coordinate measured from the test section 
spanwise centerline; X is measured from the upstream edge of the boundary 
layer trip; and Y is measured normal to the test surface, x is measured from the 
downstream edge of the injection holes and generally presented as x/d. 

B. INJECTION SYSTEM AND INJECTION CONFIGURATIONS. 

1. Injection System 

The injection system was described by Ligrani, et al (1991). Air for the 
injection system originates in two 1.5 horsepower DR513 Rotron Blowers 
capable of producing 30 cfm at 2.5 psig. From the blowers, air flows through a 
regulating valve, a Fisher and Porter rotometer, a diffuser, and then into the 
injection heat exchanger and plenum chamber. The exchanger provides the 
means to heat the injectant above ambient temperature. With this system and test 
plate heating, the non-dimensional injection temperature parameter 6 is 
maintained at values ranging from 0.0 to 3.0, which includes values within the 
range of gas turbine component operation. The upper surface of the plenum 
chamber is connected to the injection tubes for either injection configuration. 
With configuration 2, each tube is 7.6 cm long. This gives a length to diameter 
ratio of about 8. With configuration 3, the tube length is 9.4 cm which gives a 
length to diameter ratio of approximately 10. 

Injection system performance was checked by measuring discharge 
coefficients at different Reynolds numbers based on injection hole diameter and 
mean injectant velocity. These values compare favorably with earlier 
measurements (Ligrani, et al, 1989). Procedures to measure discharge 
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coefficients and blowing ratios are described by Ligrani, et al (1989). The results 
of these performance checks are presented inFigure 7. 

2. Injection Configuration 

A schematic showing the simple angle film hole geometry (configuration 
2) along the test surface is shown on Figure 5. A schematic showing the 
compound angle film hole geometry (configuration 3) along the test surface is 
shown in Figure 6. In both cases, holes are arranged in two rows which are 
staggered with respect to each other with spanwise spacings between adjacent 
holes of 3.0d. Centerlines of holes in separate rows are separated by 3.9d- 4.0 d 
in the streamwise direction. When only one row of holes is employed, it is the 
downstream row located closest to the heat flux surface. With this arrangement, 
spanwise hole spacing is 6.0d. Each row of holes contains five injection cooling 
holes with a nominal inside diameter of 0.945 cm for configuration 2 and 0.925 
cm for configuration 3. The centerline of the middle hole of the downstream 
row is located on the spanwise centerline (Z=0.0 cm) of the test surface. The 
compound angle holes are employed with Q=35 degrees and 6=30 degrees, 
where Q is the angle of the injection holes with respect to the test surface as 
projected into the streamwise/normal plane, and 6 is the angle of the injection 
holes with respect to the test surface as projected into the spanwise/normal plane. 
Thus, as shown in Figure6, holes are oriented so that the spanwise components of 
injectant velocity are directed in the negative-Z direction. The plane of each 
injection hole is angled at 50.5 degrees from the streamwise/normal (X-Y) plane. 
Within the plane of each hole, hole centerlines are oriented at angles of 24 
degrees from the plane of the test surface (X-Z). 
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With the simple angle arrangement, 0=35 degrees and 6=90 degrees. Thus, 
the plane of each injection hole is within the streamwise/normal (X-Y) plane and 
holes are inclined at an angle of 35 degrees with respect to the test surface. 



C. STREAMWISE MEAN VELOCITY MEASUREMENTS. 

The streamwise mean velocity was measured using a five-hole pressure 
probe with a conical tip manufactured by United Sensors Corporation. Celesco 
transducers and Carrier Demodulators are used to sense pressures when 
connected to probe output ports. The same automated traverse used for injectant 
surveys was used to obtain these surveys. With this device, the pressure probe 
was traversed over 10.2 cm by 20.3 cm span wise/normal planes at 800 locations 
spaced 0.51 cm apart in each direction. At each location, 50 samples of the 
output from each of the five pressure ports are aquisitioned for later processing. 
These devices, measurement procedures employed, as well as data acquisition 
equipment and procedures used are further detailed by Ligrani, et al (1989, 
1991), Bishop (1990), and Ciriello (1991). 

D. STANTON NUMBER MEASUREMENTS. 

The heat transfer surface is designed to provide a constant heat flux over its 
area. The surface next to the airstream is stainless steel foil painted flat black. 
Immediately beneath this is a liner containing 126 thermocouples, which is just 
above an Electrofilm Corp., etched foil heater rated at 120 volts, and 1500 
watts. Located below the heater are several layers of insulating materials 
including Lexan sheets, foam insulation, styrofoam and balsa wood. Surface 
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temperature levels and convective heat transfer rates are controlled by adjusting 
power into the heater using a Standard Electric Co. Variac, type 3000B. To 
determine the heat loss by conduction, an energy balance was performed. This 
was accomplished by insulating the top of the test surface (which is nominally 
exposed to the airstream) and measuring conduction loss from the bottom as it is 
dependent upon the difference in temperature between the test surface and the 
surrounding ambient air. Radiation losses from the top of the test surface were 
analytically estimated. The thermal contact resistance between thermocouples and 
the foil top surface was estimated on the basis of outputs of the thermocouples 
and measurements from calibrated liquid crystals on the surface of the foil. This 
difference was then correlated as a function of heat flux through the foil. 

After the surface was completed, a variety of qualification tests were 
conducted to check the performance of the heat transfer test surface. These were 
described in detail by Ligrani, et al (1989), Bishop (1990) and Ciriello (1991), 
along with additional details on the measurement of local Stanton numbers. 

E. MEAN TEMPERATURE MEASUREMENTS. 

Copper-constantan thermocouples were used to measure temperatures along 
the surface of the test plate, the freestream temperature, and temperature 
distributions which were correlated to injection distributions. For the 
distributions, a thermocouple was traversed over spanwise/normal planes (800 
probe locations) using an automated two-dimensional traversing system which 
could be placed at different streamwise locations. Voltages from thermocouples 
and the Carrier Demodulators (used for the mean velocity measurements) are 
digitally sampled and read using a Hewlett-Packard 3497A Data Acquisition 
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Control Unit with a 3498A Extender. These units are controlled by a Hewlett- 
Packard Series 9153C computer. 

F. BASELINE DATA CHECKS. 

Repeated measurements of spanwise-averaged Stanton numbers show good 
agreement (maximum deviation is 4 percent) with the correlation from Kays and 
Crawford (1980) for turbulent heat transfer to a flat plate with unheated starting 
length and constant heat flux boundary condition. Figures 9 and 10 present 
baseline data for configurations 2 and 3, respectively. Figure 9 presents baseline 
data for two separate conditions. Condition 1, with (Tpi a te-Too)=9.66, was 

obtained with 4 amps applied to the plate heaters. A higher power level of 6 
amps was utilized to obtain condition 2 with (Tpiate-T°°)=20.08. Both sets of data 
show good agreement with the Kays and Crawfords’ unheated starting length 
constant heat flux correlation, with a maximum deviation of approximately 
10%. Similar conclusions may be drawn in regard to the baseline data for 
configuration 3 shown in Figure 10. 
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III. EXPERIMENTAL RESULTS 



Experimental results are presented in two parts. Results for the simple angle 
injection system, configuration 2, are given first. These results are then followed 
by ones for the compound angle injection system, configuration 3. For 
configuration 2, surface heat transfer data are presented from measurements 
downstream of two staggered rows of holes. For configuration 3, surface heat 
transfer data, injectant distributions, surveys of mean velocity, and surveys of 
total pressure are presented from measurements downstream of both one row of 
holes and two staggered rows of film-cooling holes. In both cases (configurations 
2 and 3), data are presented for blowing ratios of 0.5, 1.0, and 1.5. 

A. CONFIGURATION TWO, SIMPLE ANGLE RESULTS 

1. Heat Transfer Measurements Downstream of Two Rows Of 
Film-Cooling Holes With m=0.5 

Figures 12-17 present St/Sto vs. ©results for x/d=6.8, 17.4, 33.2, 54.4, 
75.6, and 96.7 at z/d=0.0 for m=0.5. Figures 18 and 19 then present spanwise- 
averaged adiabatic effectivenesses and spanwise-averaged Stf/Sto as dependent on 
x/d, repectively. Figures 20, 21, and 22 show streamwise and spanwise varations 
of spanwise-averaged adiabatic effectiveness, iso-energetic Stanton number ratio, 
and Stanton number ratio, respectively. Spatially resolved plots of effectiveness 
in Figure 20 show that spanwise periodicity, evident at x/d=6.8, is less 
pronounced as the flow develops in the streamwise direction. The spanwise 
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variations of Stf/St 0 and St/Sto in Figures 21 and 22 show similar spanwise 
periodicity which is most evident at x/d=6.8, and not particularly evident at x/d 
greater than 54.3. The Stanton number ratio data in Figure 22 are given for 0 = 
1.59. 

2. Heat Transfer Measurements Downstream Of Two Rows Of 

Film-Cooling Holes With m=1.05 

Figures 23-28 present St/Sto vs. 0 for x/d=6.8, 17.4, 33.2, 54.4, 75.6, 
and 96.7 at z/d=0.0 for m=1.05. Figures 29 and 30 then present spanwise- 
averaged adiabatic effectivenesses and spanwise-averaged iso-energetic Stanton 
number ratios as dependent upon x/d, respectively. Figures 31, 32, and 33 show 
streamwise and spanwise variations of spanwise-averaged adiabatic effectiveness, 
iso-energetic Stanton number ratio, and Stanton number ratio, respectively. The 
Stanton number ratio data in Figure 33 are for 0=1.66. Spatially resolved plots 
of spanwise-averaged adiabatic effectiveness in Figure 31 again show spanwise 
periodicity at low x/d values which becomes less pronounced with streamwise 
development. Compared to results for m=0.5, effectiveness values are lower at 
x/d values below about 50 due to lift-off effects. At higher x/d values, 
effectiveness values are greater because larger amounts of film injectant are 
present next to the test surface. Figures 32 and 33 show similar spanwise 
periodicity for iso-energetic Stanton number ratio and Stanton number ratio 
which are similar to the variations in Figures 21 and 22 for m=0.5. 
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3. Heat Transfer Measurements Downstream Of Two Rows Of 
Film-Cooling Holes With m=1.5 

Figures 34-39 present St/Sto vs 0 for x/d=6.8, 17.4, 33.2, 54.4, 75.6, and 
96.7 at z/d=0.0 for m=1.5. Figures 40 and 41 then present spanwise- averaged 
adiabatic effectivenesses and spanwise-averaged iso-energetic stanton number 
ratios as dependent upon x/d, respectively. Figures 42, 43, and 44 show the 
streamwise and spanwise variations of spanwise-averaged adiabatic effectiveness, 
Stanton number ratio and iso-energetic Stanton number ratio, respectively. 
Spatially resolved plots of spanwise-averaged adiabatic effectiveness in Figure 42 
show spanwise periodicity which becomes less pronounced with streamwise 
development. The amplitude and frequency of effectiveness peaks are smaller 
than the effectiveness peaks measured for m=0.5 and m=1.05. In addition, 
spanwise-averaged magnitudes of the adiabatic effectiveness for m=1.5 are lower 
than ones for m=0.5 and m=1.05 at x/d less than 33.2 due to increased lift-off as 
the blowing ratio increases. At x/d values greater than 33.2, spanwise-averaged 
effectiveness values are higher for m= 1.5 because greater amounts of injectant 
are present near the test surface. 



B. CONFIGURATION THREE, COMPOUND ANGLE RESULTS 

1. Two Rows Of Film-Cooling Holes With m=0.5 
a. Heat Transfer Measurements 

Figures 45-50 present St/Sto vs. 0 results measured at z/d=0.0, for 
x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7 and for m=0.5. These figures illustrate 
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the linearity of St/Sto vs. 0 data at each x/d presented. Similar linearity is 
present for the entire range of locations along the test plate, which supports the 
use of linear superposition theory for determination of adiabatic effectiveness 
and iso-energetic Stanton number ratio, even though the flow field is highly 
three dimensional. Figures 51 and 52 then present spanwise-averaged adiabatic 
effectivenesses and spanwise-averaged iso-energetic Stanton number ratios, 
respectively, as dependent upon x/d. Figures 53, 54, and 55 then show 
streamwise and spanwise variations of adiabatic effectiveness, iso-energetic 
Stanton number ratio, and Stanton number ratio for 0=1.54, respectively. 

Figure 51 shows that spanwise-averaged adiabatic effectiveness is 
greatest at x/d=6.8, and decreases with streamwise distance. Figure 52 shows 
that iso-energetic Stanton number ratio is relatively constant at about 1.1 for x/d 
greater than approximately 15. Such behavior is consistent with earlier results, 
[Ref. 7 and 8] which show that iso-energetic Stanton number is strongly 
dependent on blowing ratio and/or momentum flux ratio and very weakly 
dependent on x/d. Figures 53, 54, and 55 show that spatially resolved plots of 
effectiveness, iso-energetic Stanton number ratio, and Stanton number ratio for 
0=1.54, respectively, are fairly spanwise uniform for all x/d. 
b. Velocity And Pressure Surveys 
Surveys of total pressure and streamwise velocity in spanwise-normal 
planes at x/d=9.9, 44.3, and 86.3 are shown in Figures 5 6-61. For each x/d, total 
pressure and velocity distributions are qualitatively similar. Total pressure and 
velocity results in Figures 56 and 57 for x/d= 9.9 are spanwise periodic, with 
deficits separated by 2.5-3 cm near the wall which is the same as the spanwise 
hole spacing. Less spanwise periodicity is evident at x/d =44.3 in Figures 58 and 
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59, and at x/d=86.3 in Figures 60 and 61. Fairly uniform distributions of 
streamwise velocity and total pressure across the span of the measurement plane 
are present at x/d=86.3 where local boundary layer thicknesses are about 30 
percent larger than values at x/d=9.9. 
c. Injectant Distributions 

Figures 62, 63, and 64 show surveys of temperature in 
spanwise/normal planes at x/d=9.9, 44.3, and 86.3, respectively. According to 
Ligrani et al. [Ref. 9], these surveys provide information on distributions of the 
injectant. At x/d=9.9, individual injectant concentrations are spanwise periodic 
and non-circular near the wall across the span of the measurement plane. 
Distributions for x/d=44.3 and x/d=86.3 in Figures 63 and 64 show less spanwise 
periodicity. In fact, the results in Figure 64 are fairly spanwise uniform. 

2. Two Rows Of Film-Cooling Holes With m=1.0 
a. Heat Transfer Measurements 

Figures 65-70 present St/Sto vs. 0 results measured at z/d=0.0, for 
x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7, and for m=1.0. Figures 71 and 72 then 
present results of spanwise-averaged adiabatic effectivenesses and spanwise- 
averaged iso-energetic Stanton number ratios as dependent upon x/d, 
respectively. Figures 73, 74, and 75 show streamwise and spanwise variations of 
adiabatic effectiveness, Stf/Sto and St/Sto for 0=1.72, respectively. 

Figures 65-70 illustrate the linearity of St/Sto as dependent upon 0 
for the entire range of locations along the test surface, which again supports the 
use of linear superposition theory for determination of spanwise-averaged 
adiabatic effectivenesses and spanwise averaged iso-energetic Stanton number 
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ratios. Figure 71 shows that spanwise averaged adiabatic effectiveness values 
are greatest at low x/d and decrease linearly after x/d=15. Figure 72 shows that 
iso-energetic Stanton number ratio increases slightly over the first quarter of the 
test plate and remains fairly constant at about 1.1 as x/d varies. Such behavior is 
consistent with earlier results, Ligrani et al. [Ref. 9], which show weak 
dependence of iso-energetic Stanton number ratio on x/d. Figure 73 shows that 
spatially resolved plots of effectiveness are spanwise periodic at x/d=6.8 and 
x/d=17.6, while the spanwise distribution of adiabatic effectiveness is fairly 
uniform for x/d greater than 33.8. Figures 74, and 75 show that the spanwise 
and streamwise variations of iso-energetic Stanton number ratio and Stanton 
number ratio are spanwise periodic for all x/d along the test plane. 
b. Velocity And Pressure Surveys 

Figures 76-81 present surveys of total pressure and streamwise 
velocity in spanwise-normal planes for x/d=9.9, 44.3, and 86.3. For each x/d, 
the total pressure and velocity distributions are qualitatively similar. The total 
pressure and velocity results in Figures 76 and 77 for x/d=9.9 are spanwise 
periodic. The separation between deficits increases in the spanwise direction at 
further downstream locations indicating that injectant from upstream holes 
merges with injectant from downstream holes. The distance between the deficits 
is as large as 3.5cm near the wall. When compared to similar data for m=0.5 
(Figures 56-61), near wall deficits for m=1.0 are larger near the wall and 
separated by slightly larger spanwise distances. Figures 78-81 show that total 
pressure and velocity distributions are fairly spanwise uniform for x/d greater 
than 44.3. These figures also show increases in local boundary layer thickness of 
approximately 10% compared to results in Figures 76 and 77 for m=0.5. 
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c. Injectant Distributions 

Figures 8^., 83, and 84 show surveys of temperature in 
span wise/normal planes at x/d=9.9, 44.3, and 86.3, respectively. According to 
Ligrani et al. [Ref. 9], these surveys provide information on distributions of the 
injectant. At x/d=9.9, individual injectant concentrations are span wise periodic 
and non-circular near the wall across the span of the measurement plane. 
Distributions for x/d=44.3 and x/d=86.3 in Figures 83 and 84 show less spanwise 
periodicity. In fact, the results in Figure 84 are fairly spanwise uniform. 



3. Two Rows Of Film-Cooling Holes With m=1.5 
a. Heat Transfer Measurements 

Figures 85-90 present St/Sto vs. 0 results for x/d=6.8, 17.6, 33.8, 
55.5, 77.1, and 98.7 at z/d=0.0 for m=1.5. The linearity of the data provides 
added support for the linear superposition technique. Figures 91 and 92 present 
spanwise-averaged adiabatic effectivenesses and spanwise- averaged iso-energetic 
Stanton number ratios as dependent upon x/d, respectively. Figures 93, 94, and 
95 show streamwise and spanwise variations of adiabatic effectiveness, Stf/Sto, 
and St/Sto for 0=1.24. 

Figures 91 shows spanwise-averaged adiabatic effectiveness 
values are greatest at low x/d and decrease with x/d for values greater than 15. 
Figure 92 shows that iso-energetic Stanton number ratios decrease for x/d values 
between 5 and 35. At x/d values greater than 35, iso-energetic Stanton number 
ratios are fairly constant at about 1.2. Figures 93, 94, and 95 show spatially 
resolved plots of adiabatic effectiveness, iso-energetic Stanton number ratio, and 
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Stanton number ratio for 0=1.24, which are spanwise periodic at x/d=6.8 and 
x/d=17.6. At x/d values greater than 33.8, the distributions are fairly uniform. 
When compared toFigures 73-75, the data inFigures 93-95 suggest that lift-off 
effects are increasingly important at higher blowing ratios. 

b. Velocity And Pressure Surveys 

Figures 96-101 present surveys of total pressure and streamwise 
velocity in spanwise-normal planes for x/d=9.9, 44.3, and 86.3. For each x/d, 
the total pressure and velocity distributions are qualitatively similar. Total 
pressure and velocity results in Figures 96 and 97 for x/d= 9.9 are spanwise 
periodic, with deficits separated by 4-5 cm near the wall. When compared to 
data for m=0.5 and m=1.0, (Figures 56, 57, 76, and 77), the near- wall deficits 
are larger with greater separation. Figures 98-101 show that the distributions of 
total pressure and velocity are spanwise uniform for x/d values greater than 
44.3. 

c. Injectant Distributions 

Figures 102-104 show surveys of temperature in spanwise/normal 
planes at x/d=9.9, 44.3, and 86.3, respectively, which provide information on 
distributions of the injectant . At x/d=9.9, individual injectant concentrations are 
non-circular and spanwise periodic near -the wall. Distributions for x/d=44.3 and 
x/d=86.3 in Figures 103 and 104 show less spanwise periodicity and greater 
spanwise uniformity. 
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4. One Row Of Film-Cooling Holes With m=0.5 

a. Heat Transfer Measurements 

Figures 105-1 10 present St/Sto vs. 9 results measured at z/d= -1.27, 
for x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7, for m=0.5. These figures illustrate 
the linearity of St/Sto vs. 0 data at each x/d. Figures 111 and 112 present 
spanwise-averaged adiabatic effectivenesses and spanwise-averaged iso-energetic 
Stanton number ratios as dependent upon x/d, respectively. Figures 1 13, 114, and 
115 then show streamwise and spanwise variations of adiabatic effectiveness, 
iso-energetic Stanton number ratio, and Stanton number ratio for 0=1.37. 

Figure 111 shows that spanwise-averaged adiabatic effectiveness is 
greatest at x/d=6. 8 and decreases as x/d increases. Figure 112 shows that iso- 
energetic Stanton number ratio is relatively constant at 1.0 for all x/d. Such 
behavior is consistent with earlier results, [Ref. 7, and 8], which show that the 
iso-energetic Stanton number ratio is strongly dependent on blowing ratio and/or 
momentum flux ratio, and very weakly dependent on x/d. Figures 113, 114, 
and 115 show spatially resolved plots of adiabatic effectiveness, iso-energetic 
Stanton number ratio, and Stanton number ratio for 0=1.37, respectively. In all 
cases these data are fairly spanwise uniform for all x/d. 

b. Velocity And Pressure Surveys 

Surveys of total pressure and streamwise velocity in spanwise-normal 
planes at x/d=9.9, 44.3, and 86.3 are shown in Figures 116-121. For each x/d, 
total presssure and velocity distributions are qualitatively similar. Total pressure 
and velocity results in Figures 116 and 117 for x/d= 9.9 are spanwise periodic, 
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periodic, with deficits separated by 5.5-6 cm near the wall which is the same as 
the spanwise hole spacing. Figures 98-101 show fairly uniform distributions of 
streamwise velocity and total pressure across the span of the measurement plane 
for x/d values greater than 44.3. 

c. Injectant Distributions 

Figures 122, 123, and 124 show surveys of temperature in 

spanwise/normal planes at x/d=9.9, 44.3, and 86.3, respectively, which provide 
information on distributions of the injectant. At x/d=9.9, the injectant 
distributions are semi-circular and spanwise periodic near the wall. 
Distributions for x/d=44.3 and x/d=86.3 in Figures 123 and 124 show less 
spanwise periodicity and greater spanwise uniformity. 



5. One Row Of Film-Cooling Holes With m=1.0 
a. Heat Transfer Measurements 

Figures 125-130 present St/Sto vs. 0 results measured at z/d= -1.27, 
for x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7, and for m=1.0. These figures 
illustrate the linearity of St/Sto vs. 0 data at each x/d presented. Figures 131 and 
132 then present spanwise-averaged adiabatic effectivenesses and spanwise- 
averaged iso-energetic Stanton number ratios as dependent upon x/d, 
respectively. Figures 133, 134, and 135 show streamwise and spanwise 
variations of the adiabatic effectiveness, iso-energetic Stanton number ratio, and 
Stanton number ratio for 0=1.37, respectively. 

Figure 131 shows that spanwise-averaged adiabatic effectiveness is 
greatest at x/d=6.8 and decreases with streamwise development. Figure 132 
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shows that the iso-energetic Stanton number ratio is relatively constant at about 
1.0 for all x/d. Such behavior is consistent with earlier results, [Ref. 7 and 8], 
which show that the iso-energetic Stanton number ratio is strongly dependent on 
blowing ratio and/or momentum flux ratio and very weakly dependent on x/d. 
Figure 133 shows that spatially resolved plots of adiabatic effectiveness are 
spanwise-periodic for x/d=6.8 and x/d=17.6, while the adiabatic effectiveness is ' 
fairly spanwise uniform, for x/d values greater than 33.8. Spacially resolved 
plots of iso-energetic Stanton number ratio, and Stanton number ratio for 
0=1.89, in Figures 134 and 135, respectively, show spanwise periodicity tfor all 
x/d. Results for m=0.5 in Figures 114 and 115 do not show as much periodicity. 

b. Velocity and Pressure Surveys 

Surveys of total pressure and stream wise velocity in . span wise- 
normal planes at x/d=9.9, 44.3, and 86.3 are shown in Figures 136-141. For 
each x/d, total presssure and velocity distributions are qualitatively similar. 
Total pressure and velocity results in Figures 136 and 137 for x/d= 9.9 are non- 
circular and spanwise periodic. The separation of the deficits is approximately 
6cm near the wall which is the same as the spanwise hole spacing. Figures 138- 
141 show fairly uniform distributions for streamwise velocity and total pressure 
across the span of the measurement plane for x/d values greater than 44.3. 

c. Injectant Distributions 

Figures 142, 143, and 144 show surveys of temperature in 

spanwise/normal planes at x/d=9.9, 44.3, and 86.3, which provide information 
on distributions of the injectant . At x/d=9.9, individual injectant 
concentrations are spanwise periodic and circular near the wall. Distributions for 



26 



x/d=44.3 and x/d=86.3 in Figures 143 and 144 show less spanwise periodicity and 
more spanwise uniformity. 



6. Heat Transfer Measurements Downstream Of One Row Of 
Film-Cooling Holes With m=1.5 

Figures 145-150 present St/Sto vs. 0 results measured at z/d= -1.27, for 
x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7 and for m=1.5. These figures illustrate 
the linearity of St/Sto vs. 0 at each x/d. Simililar linearity is present for the 
entire range of locations along the test plate. Such behavior once again supports 
the use of linear superposition theory for determination of adiabatic effectiveness 
and iso-energetic Stanton number ratio. Figures 151 and 152 then present 
spanwise-averaged adiabatic effectivenesses and spanwise-averaged iso-energetic 
Stanton number ratios as dependent upon x/d, respectively. Figures 153, 154, 
and 155 then show streamwise and spanwise variations of adiabatic effectiveness, 
iso-energetic Stanton number ratio and Stanton number ratio for 0=1.29. 

Figure 151 shows that spanwise averaged adiabatic effectiveness is greatest at 
x/d=6.8, and then decreases with streamwise development. Figure 152 shows 
that iso-energetic Stanton number ratio is relatively constant at about 1.1 for all 
x/d. Figure 153 shows that spatially resolved plots of spanwise-averaged 
adiabatic effectiveness are spanwise-periodic for x/d=6.8 and x/d=17.6, while 
adiabatic effectiveness is fairly spanwise uniformfor x/d values greater than 33.8. 
Spacially resolved plots of iso-energetic Stanton number ratio, and Stanton 
number ratio for 0=1.29 in respective figures 154 and 155 show spanwise 
periodicity for the entire range of x/d. 
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C. COMPARISON OF RESULTS FROM THE SIMPLE ANGLE AND 
COMPOUND ANGLE FILM-COOLING HOLE 
CONFIGURATIONS. 

Experimental results for two compound angle injection systems 
(configurations 1 and 3), and for a simple angle injection system (configuration 
2) are compared in this section. The effects of blowing ratio, spanwise hole 
spacing, hole angle orientation, and streamwise position are discussed in 
reference to measurements obtained downstream of both one row of holes and 
downstream of two staggered rows of holes. The hole diameter for 
configurations 1 and 2 is 0.945cm. The hole diameter for configuration 3 is 
0.925cm. When two staggered rows are employed, the spanwise hole spacing is 
3.9d for configuration 1, and 3.0d for configurations 2 and 3. When one row of 
holes is employed, the spanwise hole spacing is 7.8d for configuration 1, and 
6.0d for configurations 2 and 3. 

Results are first presented for two staggered rows of film-cooling injection 
holes. Figures 156 and 157 show spanwise-averaged adiabatic effectivenesses 
and iso-energetic Stanton number ratios as dependent upon x/d , respectively, 
for all 3 film hole configurations. Figures 158 and 159 then present spanwise- 
averaged adiabatic effectivenesses and spanwise-averaged iso-energetic Stanton 
number ratios as dependent upon x/d for configurations 1 and 3. Figures 160 
and 161 then present spanwise-averaged adiabatic effectivenesses and spanwise- 
averaged iso-energetic Stanton number ratios as dependent upon x/d, for 
configurations 2 and 3. 
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Results are now presented for one row of film-cooling holes. Figure 162 
and 163 present spanwise-averaged adiabatic effectivenesses and iso-energetic 
Stanton number ratios as dependent upon x/d for all 3 film hole configurations. 
Figures 164 and 165 present spanwise-averaged adiabatic effectivenesses and iso- 
energetic Stanton number ratios, respectively, for configurations 1 and 3. 
Figures 166 and 167 present similar data for configurations 2 and 3. 

Results in Figures 156 and 161 show that spanwise-averaged adiabatic 
effectiveness values are greatest at lower x/d and decrease with streamwise 
development as the injectant is convected downstream. For a specified blowing 
ratio and for all three film hole configurations, the rate of spanwise-averaged 
adiabatic effectiveness decrease is dependent on the blowing ratio, and mostly a 
result of lift-off of the injectant from the test surface at x/d values less than about 
20. At larger x/d, spanwise-averaged adiabatic effectiveness values generally 
increase with blowing ratio mostly because of greater amounts of injectant along 
the test surface. 

Results in Figures 160 and 164 show that spanwise averaged magnitudes of 
the adiabatic film-cooling effectiveness downstream of compound angle injection 
configurations are generally higher than ones downstream of simple angle 
configurations when compared for the same blowing ratio (m), streamwise 
location (x/d), and streamwise hole spacing (s/d). 

Results in Figures 157, 159, 161, 163, 165, and 167 show that the iso- 
energetic Stanton number ratio lies between 1 and 1.35 for all cases studied and 
generally increases with blowing ratio for a given x/d and a given injection hole 
configuration. 
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Results in Figures 156 and 161 show spanwise-averaged adiabatic 
effectiveness values measured downstream of two rows of holes are 
approximately 30-70% higher than values obtained downstream of a single row 
of holes, due to greater amounts of injectant along the test surface. 
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IV. SUMMARY AND CONCLUSIONS 



Experimental results are presented which describe the development and 
structure of flow downstream of a single row, and downstream of two staggered 
rows of film-cooling holes with simple and compound angle orientations. Two 
configurations are investigated, a simple angle injection system in which the 
injectant is introduced into the freestream parallel to the main flow (as viewed in 
the streamwise/spanwise planes), and a compound angle injection system in which 
the injectant is introduced with spanwise velocity components. The effects of 
blowing ratio, spanwise hole spacing, hole angle orientation, and streamwise 
position are determined from measurements of adiabatic effectivenesses, iso- 
energetic Stanton number ratios, and Stanton number ratios for 0 values 
approximately equal to 1.5. 

For configuration 2, measurements are made downstream of three injection 
arrangements: (1) two staggered rows of film-cooling holes with a blowing ratio 
of m=0.5, (2) two staggered rows of film-cooling holes with a blowing ratio of 
m=1.05, and (3) two staggered rows of film-cooling holes with a blowing ratio 
of m=1.5. 

For configuration 3, measurements are made downstream of six injection 
arrangements: (1) two staggered rows of film-cooling holes with a blowing ratio 
of m=0.5, (2) two staggered rows of film-cooling holes with a blowing ratio of 
m=1.0, (3) two staggered rows of film-cooling holes with a blowing ratio of 
m=1.5, (4) one row of film-cooling holes with blowing ratio of m=0.5, (5) one 
row of film-cooling holes with blowing ratio of m=1.0, and (6) one row of film- 
cooling holes with blowing ratio of m=1.5. 
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Results indicate that effectiveness depends mostly on four parameters: 
simple or compound angle injection, spanwise hole spacing, one or two rows of 
holes, and blowing ratio. Results show show that for a specified blowing ratio, 
for all configurations tested to date, spanwise-averaged adiabatic effectiveness is 
greatest at lower x/d values but decreases with streamwise development as the 
injectant is convected downstream. The rate of spanwise-averaged adiabatic 
effectiveness decrease is dependent on the blowing ratio, and mostly a result of 
lift-off of the injectant from the test surface at x/d values less than about 20. At 
larger x/d, spanwise-averaged adiabatic effectiveness values generally increase 
with blowing ratio mostly because of greater amounts of injectant along the test 
surface. Results further show that show that the iso-energetic Stanton number 
ratio lies between 1 and 1.35 for all cases studied and generally increases with 
blowing ratio for a given x/d and a given injection hole configuration. 

Spanwise averaged magnitudes of the adiabatic film-cooling effectiveness 
downstream of compound angle injection configurations are generally higher 
than ones downstream of simple angle configurations at x/d less than 20-30 when 
compared for the same blowing ratio (m), streamwise location (x/d), and 
streamwise hole spacing (s/d). Finally, spanwise-averaged adiabatic effectiveness 
values measured downstream of two rows of holes are approximately 30-70% 
higher than values obtained downstream of a single row of holes due to greater 
amounts of injectant along the test surface. 
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APPENDIX A: FIGURES 



Appendix A contains all of the figures generated for this thesis. The figures 
presented include: test set-up; injection hole configurations; plots of Stanton 
number ratios as dependent upon position; plots of spanwise-averaged adiabatic 
effectiveness and iso-energetic Stanton number ratios as dependent upon position; 
spatially resolved plots of spanwise-averaged adiabatic effectiveness, iso-energetic 
Stanton number ratio, and Stanton number ratio for 0 values near 1.5; and 
span wise plots of velocity, pressure and temperature for the nine configurations. 
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Figure 1. Test Section Coordinate System, Configuration 2, Simple Angle 
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Figure 2. Test Section Coordinate System, Configuration 3, Compound Angle 
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Figure 3. Top View Schematic of Wind Tunnel Test Section, Configuration 2, Simple Angle 
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Figure 4. Top View Schematic of Wind Tunnel Test Section, Configuration 3, Compound Angle 



Heat Flux Surface 
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Figure 5. Injection Hole Configuration, Simple Angle 



Heat Transfer Surface 
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Figure 6. Injection Hold Configuration, Compound Angle 
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Figure 7. Coefficient of Discharge (C d ) Versus Reynolds Number (Re) for Injection System 
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Figure 8. Injectant Temperature Versus Plenum Temperature, Bishop [Ref. 6] 
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Figure 9. Baseline Stanton Number Comparison Between Exact Solution 
and Experimental Measurements, Configuration 2 
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Baseline data configuration 3 
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Figure 10. Baseline Stanton Number Comparison Between Exact Solution 
and Experimental Measurements, Configuration 3 
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Figure 11. St/Sto Versus x/d for Various 0 Values with m=0.5, [Ref. Ligrani, 
Bishop, Ciriello] 
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Figure 12. St/Sto Versus 0, Simple Angle, 2 Rows, m=0.5, x/d=17.4, z/d=0.0 
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Figure 13. St/Sto Versus 0 Simple Angle, 2 Rows, m=0.5, x/d=17.4, z/d=0.0 
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Figure 14. St/Sto Versus 0, Simple Angle, 2 Rows, m=0.5, x/d=33.2, z/d=0.0 
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Figure 15. St/Sto Versus 0, Simple Angle, 2 Rows, m=0.5, x/d=5 4.4, z/d=0.0 
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Figure 16. St/Sto, Versus 0, Simple Angle, 2 Rows, m=0.5, x/d=75.6, z/d=0.0 
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Figure 17. Sl/Sto Versus 0, Simple Angle, 2 Rows, m=0.5, x/d=96.7, z/d-0.0 
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Figure 18. t| Versus x/d. Simple Angle, 2 Rows, m=0.5, Span wise Average 
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Figure 19. St£/Sto Versus x/d, Simple Angle, 2 Rows, m=0.5, Spanwise Average 
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Figure 20. Spanwise Variation of T| Simple Angle, 2 Rows, m=0.5 
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Figure 21. Spanwise Variation of Stf/Sto, Simple Angle, 2 Rows, m=0.5 
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Figure 22. Spanwise Variation of St/Sto, Simple Angle, 2 Rows, m=0.5, 0=1.59 
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Figure 23. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.0, x/d=6.8, z/d=0.0 
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Figure 24. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.0, x/d=17.4, z/d=0.0 
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Figure 25. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.0, x/d=33.2, z/d=0.0 
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Figure 26. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.0, x/d=54.4, z/d=0.0 
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Figure 27. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.0, x/d=75.6, z/d=0.0 
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Figure 28. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.0, x/d=96.7, z/d=0.0 



EFFECTIVENESS FOR M=1.05 




SS3M3ALL033J3 



in 

w 



3 

£ 

eS 

w 



ffi 

H 

W 

> 

Cs-. 



62 



Figure 29. rj Versus x/d, Simple Angle, 2 Rows, m=1.0, Spanwise Average 
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Figure 30. Stf/Sto Versus x/d. Simple Angle, 2 Rows, m=1.0, Spanwise Average 
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Figure 31. Spanwise Variation of T|, Simple Angle, 2 Rows, m=1.0 
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Figure 32. Spanwise Variation of Stf/Sto, Simple Angle, 2 Rows, m=1.0 
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Figure 33. Spanwise Variation of St/Sto, Simple Angle, 2 Rows, m=1.0, 0=1.66 
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Figure 34. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.5, x/d=6.8, z/d=0.0 
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Figure 35. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.5, x/d=17 .4, z/d=0.00 
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Figure 36. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.5, x/d=33.2, z/d=0.0 
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Figure 37. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.5, x/d=54.4, z/d=0.0 
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Figure 38. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.5, x/d=75.6, z/d=0.0 
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Figure 39. St/Sto Versus 0, Simple Angle, 2 Rows, m=1.5, x/d=96.7, z/d=0.0 
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Figure 40. T] Versus x/d, Simple Angle, 2 Rows, m=1.5, Spanwise Average 
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Figure 41. Stf/Sto Versus x/d, Simple Angle, 2 Rows, m=1.5, Spanwise Average 
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Figure 42. Spanwise Variation of tj, Simple Angle, 2 Rows, m=1.5 
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Figure 43. Spanwise Variation of Stf/Sto, Simple Angle, 2 Rows, m=1.5 
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Figure 44. Spanwise Variation of St/Sto, Simple Angle, 2 Rows, m=1.5, 0=1.66 
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Figure 45. St/Sto Versus 0, Compound Angle, 2 rows, m=0.5, x/d=6.8, z/d=0.0 
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Figure 46. Sl/Sto Versus 0 Compound Angle, 2 Rows, m=0.5, x/d=17.6, z/d=0.0 
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Figure 47. St/Sto Versus 0, compound Angle, 2 Rows, m=0.5, x/d=33.8, z/d=0.0 
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Figure 48. St/Sto Versus 0, Compound Angle, 2 Rows, m=0.5, x/d=55.5, z/d=0.0 
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Figure 49. St/Sto Versus 0, Compound Angle, 2 Rows, m=0.5, x/d=77.1, z/d=0.0 
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Figure 50. St/Sto Versus 0, Compound Angle, 2 Rows, m=0.5, x/d=98.7, z/d=0.0 
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Figure 51. T] Versus x/d, Compound Angle, 2 Rows, m=0.5, Spanwise Average 
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Figure 52. Stf/Sto Versus x/d, Compound Angle, 2 Rows, m=0.5. Span wise Average 
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Figure 53. Spanwise Variation of r|. Compound Angle, 2 Rows, m=0.5 
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Figure 54. Spanwise Variation of Stf/Sto, Compound Angle, 2 Rows, m=0.5 
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Figure 55. Spanwise Variation of St/Sto, Compound Angle, 2 Rows, m=0.5, 0=1.54 
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Figure 56. Streamwise Velocity Field, Compound Angle, 2 Rows, m=0.5, x/d=9.9 
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Figure 57. Streamwise Pressure Field, Compound Angle, 2 Rows, m=0.5, x/d=9.9 
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Figure 58. Streamwise Velocity Field, Compound Angle, 2 Rows, m=0.5, x/d=44.3 
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Streamwise Pressure Field, Compound Angle, 2 Rows, m=0.5, x/d=44.3 
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Figure 60. Streamwise Velocity Field, Compound Angle, 2 Rows, m=0.5, x/d=86.3 
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Figure 61. Streamwise Pressure Field, Compound Angle, 2 Rows, m=0.5, x/d=86.3 
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Figure 62. Streamwise Injectant Distribution, Compound Angle, 2 Row, m-0.5, x/d=9.9 
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Figure 63. Streamwise Injectant Distribution, Compound Angle, 2 Rows, m=0.5, x/d=44.3 
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Figure 64. Streamwise Injectant Distribution, Compound Angle, 2 Rows, m=0.5, x/d=86.3 
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Figure 65. St/Sto Versus 0, Compound Angle, 2 Rows, m=1.0, x/d=6.8, z/d=0.0 
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Figure 66. St/Sto Versus 0 Compound Angle, 2 Rows, m=1.0, x/d=17.6, z/d=0.0 
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Figure 67. St/Sto Versus 0, Compound Angle, 2 rows, m=1.0, x/d=33.8, z/d=0.0 
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Figure 68. St/Sto Versus 0, Compound Angle, 2 Rows, m=1.0, x/d=55.5, z/d=0.0 
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Figure 69. St/Sto Versus 0, Compound Angle, 2 Rows, m=1.0, x/d=77.1, z/d=0.0 



M=1.0 COMPOUND ANGLE 2 ROW 



O 

O 




OIS/lS 



<; 

E 



E-« 




> 



O 

E- 







103 



Figure 70. St/Sto Versus 0 Compound Angle, 2 Rows, m=1.0, x/d=98.7, z/d-0.0 
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Figure 72. Stf/Sto Versus x/d, Compound Angle, 2 Rows, m=1.0, Spanwise Average 
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Figure 73. Spanwise Variation of T|, Compound Angle, 2 Rows, m=1.0 
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Figure 74. Spanwise Variation of Stf/Sto, Compound Angle, 2 Rows, m=1.0 
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Figure 75. Spanwise Variation of St/Sto, Compound Angle, 2 Rows, m=1.00, 0=1.72 
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Figure 76. Streamwise Velocity Field, Compound Angle, 2 Rows, m=1.0, x/d=9.9 
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Figure 77. Streamwise Pressure Field, Compound Angle, 2 Rows, m=1.0, x/d=9.9 
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Figure 78. Streamwise Velocity Field, Compound Angle, 2 Rows, m=1.0, x/d=44.3 
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Figure 79. Streamwise Pressure Field, Compound Angle, 2 Rows, m=1.0, x/d=44.3 
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Figure 80. Streamwise Velocity Field, Compound Angle, 2 Rows, m=1.0, x/d=86.3 
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Figure 81. Streamwise Pressure Field, Compound Angle, 2 Rows, m=1.0, x/d=86.3 
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Figure 82. Streamwise Injectant Distribution, Compound Angle, 2 Rows, m=1.0, x/d=9.9 
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Figure 83. Streamwise Injectant Distribution, Compound Angle, 2 Rows, m=1.0, x/d=44.3 
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Figure 84. Streamwise Injectant Distribution, Compound Angle, 2 Rows, m=1.0, x/d-86.3 
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Figure 85. St/Sto Versus 0, Compound Angle, 2 Rows, m=1.5, x/d= 6.8, z/d=0.0 
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Figure 86. St/Sto Versus 0 Compound Angle, 2 Rows, m=1.5, x/d=17.6, z/d=0/0 
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Figure 87. St/Sto Versus 0, Compound Angle, 2 Rows, m=1.5, x/d=33.8, z/d=0.0 
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Figure 88. St/Sto Versus 0, Compound Angle, 2 Rows, m=1.5, x/d=55.5, z/d=0.0 
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Figure 89. St/Sto Versus 0, Compound Angle, 2 Rows, m=1.5, x/d=77.1, z/d=0.0 
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Figure 90. St/Sto Versus 0, Compound Angle, 2 Rows, m=1.5, x/d=98.7, z/d=0.0 
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Figure 91. T] Versus x/d, Compound Angle, 2 Rows, m=1.5, Spanwise Average 
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Figure 92. Stf/Sto Versus x/d, Compound Angie, 2 Rows, m=1.5, Spanwise Average 
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Figure 93. Spanwise Variation of T], Compound Angle, 2 Rows, m=1.5 
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Figure 94. Spanwise Variation of Stf/Sto, Compound Angle, 2 Rows, m=1.5 
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Figure 95. Spanwise Variation of St/Sto, Compound Angle, 2 Rows, m=1.5, 0=1.24 
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Figure 96. Streamwise Velocity Field, Compound Angle, 2 Rows, m=1.5, x/d=9.9 
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Figure 97. Streamwise Pressure Field, Compound Angle, 2 Rows, m=1.5, x/d=9.9 
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Figure 98. Streamwise Velocity Field, Compound Angle, 2 Rows, m=1.5, x/d=44.3 
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Figure 99. Streamwise Pressure Field, Compound Angle, 2 Rows, m=1.5, x/d=44.3 
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Figure 100. Streamwise Velocity Field, Compound Angle, 2 Rows, m=1.5, x/d=86.3 
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Figure 101. Streamwise Pressure Field, Compound Angle, 2 Rows, m=1.5, x/d=86.3 
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Figure 102. Streamwise Injectant Distribution, Compound Angle, 2 Rows, m=1.5, x/d=9.9 
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Figure 103. Streamwise Injectant Distribution, Compound Angle, 2 rows, m=0.5, x/d=44.3 
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Figure 104. Streamwise Injectant Distribution, Compound Angle, 2 Rows, m=0.5, x/d=44.3 
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Figure 106. St/Sto Versus 0, Compound Angle, 1 Row, m=0.5, x/d= 17.6 
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M=0.5 COMPOUND ANGLE 1 ROW C0NF3 
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Figure 108. St/Sto Versus 0, Compound Angle, 1 Row, m=0.5, x/d=55.5, z/d=-1..27 
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Figure 110. St/Sto Versus 0, Compound Angle, 1 Row, m=0.5, x/d=98..7, z/d=-1.27 
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M=0.5 COMPOUND ANGLE 1 ROW C0NF3 
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Figure 112. Stf/Sto Versus x/d, Compound Angle, 1 Row, m=0.5, Spanwise Average 
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Figure 113. Spanwise Variation of 7 ], Compound Angle, 1 Row, 



IS0-ENERGETIC STRNTON # RRT'IO 




147 



STRNTON NUMBER RRTIOS 



<d cn 




73 



148 



Figure 115. Spanwise Variation of St/Sto, Compound Angle, 1 Row, m=0.5, 6=1.37 
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Figure 116. Streamwise Velocity Field, Compound Angle, 1 Row, m=0.5, x/d=9.9 
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Figure 117. Streamwise Pressure Field, Compound Angle, 1 Row, m=0.5, x/d=9.9 
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Figure 118. Streamwise Velocity Field, Compound Angle, 1 Row, m-0.5, x/d-44.3 
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Figure 119. Streamwise Pressure Field, Compound Angle, 1 Row, m=0.5, x/d=44.3 
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Figure 120. Streamwise Velocity Field, Compound Angle, 1 Row, m=0.5, x/d=86.3 
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Figure 121. Slreamwise Pressure Field, Compound Angle, 1 Row, m=0.5, x/d=86.3 
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Figure 122. Streamwise Injectant Distribution, Compound Angle, 1 Row, m=0.5, x/d=9.9 
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Figure 123. Streamwise Injectant Distribution, Compound Angle, 1 Row, m=0.5, x/d-44.3 
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Figure 124. Streamwise Injectant Distribution, Compound Angle, 1 Row, x=0.5, x/d=86.3 
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Figure 126. St/Sto Versus 0, Compound Angle, 1 Row, m=1.0, x/d=17.6, z/d=-1.27 
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Figure 128. St/Sto Versus 0, Compound Angle, 1 Row, m=1.0, x/d=55.5, z/d=-1.27 
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Figure 130. St/Sto Versus 0, Compound Angle, 1 Row, m=1.0, x/d=98.7, z/d=-1.27 
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Figure 132. Stf/Sto Versus x/d, Compound Angle, 1 Row, m=1.0, Spanwise Average 
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Figure 133. Spanwise Variation of Tj, Compound Angle, 1 Row, m=1.0 
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Figure 134. Spanwise Variation of Stf/Sto, Compound Angle, 1 Row, m=1.0 
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Figure 135. Spanwise Variation of St/Sto, Compound Angle, 
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Figure 136. Streamwise Velocity Field, Compound Angle, 1 Row, m=1.0, x/d=9.9 
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Figure 137. Streamwise Pressure Field, Compound Angle, 1 Row, m=1.0, x/d=9.9 
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Figure 138. Streamwise Velocity Field, Compound Angle, 1 Row, m=1.0, xx/d=44.3 
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Figure 139. Streamwise Pressure Field, Compound Angle, 1 Row, m=1.0, x/d=44.3 
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Figure 140. Streamwise Velocity Field, Compound Angle, 1 Row, m=1.0, x/d=86.3 
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Figure 141. Streamwise Pressure Field, Compound Angle, 1 Row, m=1.0, x/d=86.3 
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Figure 142. Streamwise Injectant Distribution, Compound Angle, 1 Row, m=1.0, x/d=9.9 
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Figure 143. Streamwise Injectant Distribution, Compound Angle, 1 Row, m=1.0, x/d=44.3 
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Figure 144. Streamwise Injectant Distribution, Compound Angle, 1 Row, m=1.0, x/d=86.3 
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Figure 148. St/Sto Versus 0, Compound Angle, 1 Row, m=1.5, x/d=55.5, z/d=-1.27 
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Figure 150. St/Sto Versus 0, Compound Angle, 1 Row, m=1.5, x/d= 98.7, z/d=-1.27 
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Figure 152. Stf/Sto Versus x/d, Compound Angle, 1 Row, m=1.5, Spanwise Average 
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Figure 153. Spanwise Variation of r\, Compound Angle, 1 Row, 
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Figure 154. Spanwise Variation of Stf/Sto, Compound Angle, 1 Row, m=1.5 
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Figure 155. Spanwise Variation of St/Sto, Compound Angle, 1 Row, m=1.5, 0-1.5 
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Figure 156. Comparison of Two Row Adiabatic Effectiveness as Dependent Upon x/d, for 
Compound and Simple Angle Configurations 
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effectiveness vs x/d two rows 
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stf/stO vs x/d two row 
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Figure 159. Comparisons of Two Row Stf/Sto as Dependent Upon x/d for Configuration 2 (Simple 
Angle), and Configuration 3 (Compound Angle) 



effectiveness vs x/d two rows 
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Figure 160. Comparisons of Two Row Adiabatic Effectiveness as Dependent Upon x/d for 
Configuration 1 (Compound Angle), and Configuration 3 (Compound Angle) 
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Figure 161. Comparisons of Two Row Stf/Sto as Dependent Upon xJ 
(Compound Angle), and Configuration 3 (Compound Angle) 



one row effectiveness vs x/d 
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Figure 162. Comparison of One Row Adiabatic Effectiveness as Dependent Upon x/d for 
Compound and Simple Angle Configurations 



one row stf/sto vs x/d 
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Figure 163. Comparison of One Row Stf/Sto as Dependent Upon x/d for Compound and Simple 
Angle Configurations 



effectiveness vs x/d one row 
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Figure 164. Comparisons of One Row Adiabatic Effectiveness as Dependent Upon x/d for 
Configuration 2 (Simple Angle), and Configuration 3 (Compound Angle) 
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Figure 165. Comparisons of One Row Stf/Sto as Dependent Upon x/d for Configuration 2 
Angle), and Configuration 3 (Compound Angle) 



effectiveness vs x/d one row 
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stf/sto vs x/d one row 
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Figure 167. Comparisons of One Row Stf/Sto as Dependent Upon x/d for Configuration 
(Compound Angle), and Configuration 3 (Compound Angle) 



APPENDIX B: UNCERTAINTY ANALYSIS 



An uncertainty analysis by Schwartz [Ref. 8] was accomplished on the input 
parameters and variablles used for this study. A 95% confidence interval was 
utilized. Table I contains a summary of the parameters and their uncertainties: 



TABLE I. EXPERIMENTAL UNCERTAINTIES 
FOR MEASURED QUANTITIES 



Ouantitv (units) 


Typical 

Nominal Value 


Experimental 

Uncertainty 


T„ (°C) 


18.0 


0.13 


T w (°C) 


40.0 


0.21 


Pamb,en. Hg) 


760 


0.71 


P~ (kg/m 3 ) 


1.23 


0.009 


U„ (m/s) 


10.0 


0.06 


C p [J/(kg K)] 


1006 


1 


q.A (W) 


270 


10.5 


h [W/(m 2 K)] 


24.2 


1.03 


St 


0.00196 


0.000086 


St/Sto 


1.05 


0.058 


A (m 2 ) 


0.558 


0.0065 


m 


0.98 


0.05 


x/d 


54.6 


0.36 
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APPENDIX C: DATA ACQUISITION, PROCESSING 
AND PLOTTING PROGRAMS 



1. Mean Velocity Survey Software: 

FTVEHOLE1: This program acquires pressure data from each of the five 
transducers associated with the probe. The FTVEHOLEl program controls the 
MIT AS motor controller which, in turn, controls the automatic traversing device 
on which the five hole probe is mounted. An 800 point pressure survey is 
conducted in the Y-Z plane normal to the freestream flow. Two data files, FTVx 
and FIVPx, are created. The FTVx data file consists of mean velocity, center port 
pressure, average pressure of the four peripheral ports, and the yaw and pitch 
coefficients for each of the 800 locations sampled. The FTVx data file consists of 
the pressures PI through P5 sensed by each of the five pressure probe sensing 
ports, the average pressure of the four peripheral ports and the mean velocity, for 
each of the 800 survey locations. 

PADJUST: This program accesses the FTVPx data file created by FIVEHOLEl 
and adjusts the pressures to account for spatial resolution problems. Pressure 
correction is performed using a curve fit to move the measurement location to the 
center sensing port location. The output file of PADJUST is FTVxA. 
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VELOCITY: This program accesses FTVxA, the data file created by PADJUST, 
and computes Ux, Uy and Uz velocity components. The output file of VELOCITY 
is Vx. 

UX3: This program accesses Vx, the data file created by VELOCITY, and 
plots streamwise velocity (Ux) contours of the Y-Z plane surveyed by the five 
hole pressure probe. 

PTOT3: This program accesses Vx, data file created by VELOCITY, and plots 
total pressure contours of the surveyed Y-Z plane. 

2. Mean Temperature Survey Software: 

ROVER1: This program acquires flow temperature data from the "roving" 
thermocouple mounted on the automatic traversing device. The traversing device 
is controlled by the MITAS controller which is, in turn, controlled by this 
program. The output data file consists of differential temperatures (T rover - TJ for 
each for the 800 survey locations in the Y-Z plane. The output file for ROVER1 
is TEMx. 

PLTMP3: This program uses the differential temperature file TEMx, created 
by ROVER1 and plots differential temperature contours of the surveyed Y-Z 
plane. 
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3. Heat Transfer Measurement Software (No Film Cooling): 

STANTON3: This program acquires multiple channel thermocouple data for 
heat transfer measurements with no film cooling. It creates two output data files, 
TDATA and IDATA. The TDATA file consists of 126 test plate thermocouple 
temperatures. The IDATA file run number, test plate voltage and current, ambient 
pressure, pressure differential, ambient temperature, freestream velocity, air 
density and freestream temperature. 

STANTON4: STANTON4 accesses TDATA and IDATA files created by 
STANTON3 and calculates heat transfer coefficients and Stanton numbers for each 
of the 126 thermocouple locations. This program also calculates the average 
Reynolds number for each thermocouple row. STANTON4 creates three output 
files. These files are HDATA, SDATA, and STAV. The HDATA file consists for 
the local heat transfer coefficient, the Stanton number and the X and Z 
coordinates for each of the 126 test plate thermocouples. The SDATA file contains 
only the Stanton number values calculated for each thermocouple location. STAV 
contains the X location and the average Reynolds and Stanton numbers for each 
of the six thermocouple rows. 

4. Heat Transfer Measurement Software (with Film Cooling): 

SETCONDV2: This program is used to set conditions for heat transfer data 
acquisition when film cooling is employed. SETCONDV2 determines injection 
velocity, Reynolds number, blowing ration (m) and non-dimensional temperature 
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(6). It requires user input from the terminal of freestream conditions, rotameter 
percent flow and injection plenum differential pressure. 

STANFC1B: This program is used when film cooling is employed to acquire 
multiple channel thermocouple data for heat transfer measurements. STANFC1B 
creates three data files: a temperature data file (Tx), a terminal input data file 
(Cx), and a film cooling data file (CFCx). The temperature data file consists for 
the 126 test plate thermocouple temperatures. The terminal input data file records 
the identical information contained in the IDATA file of STANTON3, as discussed 
earlier. The film cooling data file contains the injection rotameter percent flow and 
the injection plenum differential pressure. 

STANFC2A: This program accesses the temperature, terminal input and film 
cooling data files created by STANFC1B. The program calculates Stanton number 
values for the 126 thermocouple locations and creates a single output file (FCx) 
containing these values. 

EFFFC2B: This program is a modification of STANFC2A. This program 
accesses the temperature, terminal input and film cooling data files created by 
STANFC1B. In addition, it accesses an output file created by STANFC2A, (FCx), 
and directly calculates adiabatic effectiveness without power being applied to the 
test bed. 

ST ANRI: This program reads three Stanton number data files and creates 
a single output file containing two Stanton number ratios for each of the 126 
thermocouple locations. The required input data files are: SDATA file created by 
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STANTON4 containing baseline Stanton numbers for no film cooling and two FCx 
data files created by STANFC2A containing Stanton numbers with film cooling. 
The output file of ST ANRI is STRx. 

FLMEFFV2: This program processes Stanton number data and calculates the 
local and spanwise averaged film cooling effectiveness and iso-energetic Stanton 
number ratios. The program reads several files and creates two output files. The 
program reads the SDATA file created by STANTON4 which contains the 
baseline Stanton numbers for no film cooling, and up to six FCx, Tx and Cx files 
created by STANFC2A, and STANFC2B. One of the two output data files contains 
the local effectiveness and iso-energetic Stanton number ratios and the other 
output file contains the spanwise averaged effectiveness and iso-energetic Stanton 
number ratios. 

3DSTGETA: This program accesses the files created by FLMEFFV2 and plots 
the spanwise variation of effectiveness in three-dimensional form. 

3DSTGSTRIS: This program accesses the files created by FLMEFFV2 and 
plots the spanwise variation of the iso-energetic Stanton number ratio in three- 
dimensional form. 

3DSTRST: This program accesses STRx, the Stanton number ratio file created 
by STANR1, and plots the spanwise variations of the Stanton number ratios in 
three-dimensional form. 
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APPENDIX D: DATA FILE DIRECTORY 



1. HEAT TRANSFER DATA 
A. BASELINES 

Generating Programs: STANTON3/STANTON4 
TBNA-DATE - Temperature data file 
IBNA-DATE - User terminal input data file 
HBNA-DATE - Heat transfer coefficient data file 
SBNA-DATE - Local Stanton number data file 



DATA RUN # 


DATA FILE 


EXPERIMENTAL 

CONDITIONS 


31491.1345 


TB6A391 

IB6A391 

HB6A391 

SB6A391 


Simple Angle T P -T F =20.08 °C, no 
film-cooling 


31691.1333 


TB4A391 

IB4A391 

HB4A391 

SB4A391 


Simple angle T p -T f =9.66 °C no 
film-cooling 


51491.1233 


TB6S591 

IB6A591 

HB6A591 

SB6A591 


Compound Angle T p -T f =20.83 °C, 
no film-cooling 


51491.1649 


TB4A591 

IB4A591 

HB4A591 

SB4A591 


Compound Angle T p -T f =9.66 °C, 
no film-cooling 
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B. STANFC1B/STANFC2A 
DATA FILES - (film-cooling) 
pTxx - Temperature data file 
pCxx - User terminal input data file 
pCFCxx - Film-cooling parameters data file 
pFCxx - Local Stanton number data file 



SIMPLE ANGLE, 2 ROWS 



DATA RUN # 


DATA FILE 


32891.1520 


2T1 




2C1 




2CFC 




2FC1 


32991.1431 


2T4 




2C4 




2CFC4 




2FC4 


32991.2107 


2T5 




2C5 




2CFC5 




2FC5 


40291.0845 


2T6 




2C6 




2CFC6 




2FC6 


40891.1040 


2T9 




2C9 




2CFC9 




2FC9 


40891.1314 


2T10 




2C10 




2CFC10 




2FC10 



EXPERIMENTAL 

CONDITIONS 

Simple angle, 2 rows, m=1.05, 
1.12 



Simple angle, 2 rows, m=1.05, 
6=0.58 



Simple angle, 2 rows, m=1.05, 
6=2.53 



Simple angle, 2 rows, m=1.05, 
6 = 0.21 



Simple angle, 2 rows, m=1.05, 
6 = 1.66 



Simple angle, 2 rows, m=1.05, 
6=2.78 
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41391.1405 



41491.1042 



41491.2210 



41491.2255 



41591.0837 



41591.1032 



41891.1018 



41891.1137 



2T12 Simple angle, 2 rows, m=0.5, 

2C12 6=.03 

2CFC12 

2FC12 

2T13 Simple angle, 2 rows, m=0.5, 

2C13 0=0.77 

2CFC13 

2FC13 



2T14 Simple angle, 2 rows, m=0.5, 

2C14 6=1.11 

2CFC14 

2FC14 

2T15 Simple angle, 2 rows, m-0.5, 

2C15 0=1.60 

2CFC15 

2FC15 



2T16 Simple angle, 2 rows, m=0.5, 

2C16 0=2.41 

2CFC16 

2FC16 



2T17 Simple angle, 2 rows, m=0.5, 

2C17 0=2.95 

2CFC17 

2FC17 



2T18 Simple angle, 2 rows, m=1.5, 

2C18 0=0.42 

2CFC18 

2FC18 



2T19 Simple angle, 2 rows, m=1.0, 

2C19 0=0.89 

2CFC19 

2FC19 



209 



41991.1609 


2T20 


Simple 


angle. 


2 


rows. 


m=1.5. 




2C20 

2CFC20 

2FC20 


6=1.15 










41991.1352 


2X22 


Simple 


angle. 


2 


rows. 


m=1.5. 




2C22 

2CFC22 

2FC22 


0=2.57 










41991.1455 


2T23 


Simple 


angle. 


2 


rows. 


m=1.5. 




2C23 

2CFC23 

2FC23 


0=2.31 










42391.1515 


2T24 


Simple 


angle. 


2 


rows. 


m=1.5. 




2C24 

2CFC24 

2FC24 


0=1.34 













COMPOUND ANGLE, 2 ROWS 


DATA RUN # 


DATA FILE 


EXPERIMENTAL 

CONDITIONS 


51591.1037 


3T1 


Compound angle, 2 rows, m=1.0. 




3C1 

3CFC1 

3FC1 


0=0.27 


51591.1448 


3T2 


Compound angle, 2 rows, m=1.0. 




3C2 

3CFC2 

3FC2 


0=0.94 


51591.1704 


3T3 


Compound angle, 2 rows, m=1.0. 




3C3 

3CFC3 

3FC3 


0=1.23 
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51691.1302 


3T4 


Compound angle, 2 


rows, m=1.0, 




3C4 

3CFC4 

3FC4 


0=1.72 




51691.1538 


3T5 


Compound angle, 2 


rows, m=1.0. 




3C5 

3CFC5 

3FC5 


6=2.17 




51691.1700 


3T6 


Compound angle, 2 


rows, m=1.0. 




3C6 

3CFC6 

3FC6 


0=2.82 




51791.1307 


3T7 


Compound angle, 2 


rows, m=0.5. 




3C7 

3CFC7 

3FC7 


0=.O4 




51791.1700 


3T8 


Compound angle, 2 


rows, m=0.5. 




3C8 

3CFC8 

3FC8 


0=1.15 




52091.0949 


3T9 


Compound angle, 2 


rows, m=0.5. 




3C9 

3CFC9 

3FC9 


0=1.82 




52091.1211 


3T10 


Compound angle, 2 


rows, m=0.5. 




3C10 

3CFC10 

3FC10 


0=2.32 




52091.1447 


3T11 


Compound angle, 2 


rows, m=0.5. 




3C11 

3CFC10 

3FC10 


0=2.32 
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52091.1447 


3T11 


Compound angle, 2 rows, m=0.5, 




301 

3CFC11 

3FC11 


0=2.96 


52091.1653 


3T12 


Compound angle, 2 rows, m=0.5. 




302 

3CFC12 

3FC12 


0=1.54 


52191.1520 


3T13 


Compound angle, 2 rows, m=1.5. 




303 

3CFC13 

3FC13 


0=0.48 


52291.1255 


3T14 


Compound angle, 2 rows, m=1.5. 




304 

3CFC14 

3FC14 


0=0.9 


52291.1645 


3T15 


Compound angle, 2 rows, m=1.5. 




305 

3CFC15 

3FC15 


0=1.24 


52491.1030 


3T17 


Compound angle, 2 rows, m=1.5. 




307 

3CFC17 

3FC17 


0=2.21 


52491.1332 


3T18 


Compound angle, 2 rows, m=l 1 .5, 




308 

3CFC18 

3FC18 


0=2.44 
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COMPOUND ANGLE. 1 ROW 



DATA RUN # 


DATA FILE 


64791.1130 


3T19 

3C19 

3CFC19 

3FC19 


61991.1400 


3T20 

3C20 

3CFC20 

3FC20 


61991.1047 


3T21 

3C21 

3CFC21 

3FC21 


70191.1251 


3T22 

3C22 

3CFC22 

2FC22 


70191.1638 


3T23 

3C23 

3CFC23 

3FC23 


70991.0900 


3T25 

3C25 

3CFC25 

3FC25 


70991.1447 


3T26 

3C26 

3CFC26 

3FC26 



EXPERIMENTAL 

CONDITIONS 

Compound angle, 1 row, m=1.0, 
0 = 0.12 



Compound angle, 1 row, m=1.0, 
0=1.09 



Compound angle, 1 row, m=1.0, 
0=1.43 



Compound angle, 1 row, m=1.0, 
0=2.52 



Compound angle, 1 row, m=1.0, 
0=2.08 



Compound angle, 1 row, m=0.5, 
0=.O46 



Compound angle, 1 row, m=0.5, 
0 = 1.21 
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70991.1540 


3T27 


Compound angle, 1 


row, 


m=0.5. 




3C27 

3CFC27 

3FC27 


0=1.64 






71091.1029 


3T28 


Compound angle, 1 


row. 


m=0.5. 




3C28 

3CFC28 

3FC28 


0=2.75 






71091.1306 


3T29 


Compound angle, 1 


row. 


m=0.5. 




3C29 

3CFC29 

3RFC29 


0=1.44 






71091.1456 


3T30 


Compound angle, 1 


row, 


m=0.5, 




3C30 

3CFC30 

3FC30 


0=1.44 






71191.1447 


3T32 


Compound angle, 1 


row. 


m=1.5, 




3C32 

3CFC32 

3FC32 


0=1.095 






71191.1658 


3T33 


Compound angle, 1 


row. 


m=1.5, 




3C33 

3CFC33 

3FC33 


0=1.42 






71791.1516 


3T34 


Compound angle, 1 


row. 


m=1.5. 




3C34 

3CFC34 

3FC34 


0=2.83 






71791.1615 


3T35 


Compound angle, 1 


row. 


m=1.5, 




3C35 

3CFC35 

3FC35 


0=1.52 
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71791.1733 


3T36 


Compound angle, 1 row, m= 




3C36 

3CFC36 

3FC36 


6=2.62 


71891.1835 


3T39 


Compound angle, 1 row, m= 




3C39 

3CFC39 

3FC39 


6=1.77 


B. FILM EFFECTIVENESS DATA 




Generation Program: FLMEFFV2, 3 




pFCxx - 


Local effectiveness data file 




pSTRxx 


- Spanwise average effectiveness data file 

EXPERIMENTAL 


DATA RUN # 


DATA FILE 


CONDITIONS 


32891.1520 


STR1 


Simple angle, 2 rows, m=1.05 


32991.1431 

32991.2109 

40291.0845 

40891.1314 


STRIA 




41491.1042 


STR2 


Simple angle, 2 rows, m=0.5 


41391.1405 

41491.2210 

41491.2255 

41591.0837 

41591.1032 


STR2A 




41891.1018 


STR3 


Simple angle, 2 rows, m=1.5 


41891.1137 

41891.1609 

41991.1455 

42391.1550 

41991.1352 


STR3A 
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COMPOUND ANGLE. 2 ROW 



51591.1037 

51591.1448 

51591.1704 

51691.1302 

51691.1538 

51691.1700 



3STR4_1 Compound angle, 2 row, m=1.0 

3STR4_2 



51791.1307 

51791.1700 

52091.0949 

52091.1211 

52091.1653 

52091.1447 



3STR5_1 

3STR5_2 



Compound angle, 2 row, m=0.5 



52191.1520 

52291.1255 

52291.1645 

52491.10030 

52491.1332 



3STR6_1 Compound angle, 2 row,, m=1.5 

3STR6_2 



61791.1130 

61991.1400 

61991.1047 

70191.1251 

70191.1638 

70991.0900 
70991.1447 
7 0991.1540 
71091.1029 
71091.1456 



COMPOUND ANGLE. 1 ROW 

3STR1_1 Compound angle, 1 row, m=1.0 

3STR1 2 



3STR2_1 Compound angle, 1 row, m=0..5 

3STR3_2 
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Compound angle, 1 row, m=1.5 



71191.1447 

71191.1685 

71791.1516 

71791.1615 

71791.17333 

71891.1835 



3STR3_1 

3STR3_2 



D. MEAN VELOCITY DATA: 

1. COMPOUND ANGLE X/D=9.9 



DATA RUN # 


DATA FILE 


GENERATING 

PROGRAM 


EXPERIMENTAL 

CONDITIONS 


80391.0755 


FIV0 (disc 7) 
FIVP0 
FIVOO 
V4 


FTVEHOLE1 

FTVEHOLE1 

PADJUST 

VELOCITY 


2 rows, m=0.5, 
x/d=9.9 


80491.1830 


FIV1 (disc 7) 
FIVP1 
FTV01 
V5 


FTVEHOLE1 

FTVEHOLE1 

PADJUST 

VELOCITY 


2 rows, m=1.0, 
x/d=9.9 


804911.0941 


FTV2 (disc 7) 
FIVP2 
FIVOl 
V6 


FTVEHOLE1 

FTVEHOLE1 

PADJUST 

VELOCITY 


2 rows, m=1.0, 
x/d=9.9 


80291.0940 


FIV1 (disc 8) 
FTVP1 
FIVOl 
V2 


FTVEHOLE1 

FTVEHOLEl 

PADJUST 

VELOCITY 


1 row, m=0.5, 
x/d=9.9 


80191.1540 


FIV2 (disc 8) 
FTVP2 
FIV02 
V3 


FTVEHOLEl 

FTVEHOLEl 

PADJUST 

VELOCITY 


1 row, m=1.0, 
x/d=9.9 
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2. COMPOUND ANGLE, X/D = 44.3 



DATA RUN # 


DATA FILE 


GENERATING 

PROGRAM 


EXPERIMENTAL 

CONDITIONS 


80791.1154 


FTV2 (disc 9) 
FICP2 
FIC02 
V7 


FIVEHOLE1 

FIVEHOLE1 

PADJUST 

VELOCITY 


2 rows, m=0.5, 
x/d=44.3 


80691.2100 


HV1 (disc 10) 
FIVP1 

fivoi 

V8 


FTVEHOLE1 

FIVEHOLE1 

PADJUST 

VELOCITY 


2 rows, m=1.0, 
x/d=44.3 


80691.0900 


FIVO (disc 10) 

fivpo 

fivoo 

V9 


FTVEHOLE1 

FIVEHOLE1 

PADJUST 

VELOCITY 


2 rows, 111=1.5, 
x/d=44.3 


82991.0944 


FIVO (disc 9) 

fivpo 

nvoo 

VI 0 


FTVEHOLE1 

FTVEHOLE1 

PADJUST 

VELOCITY 


1 row, m=0.5, 
x/d=44.3 


81291.1110 


nvi (disc 9) 
FIVP1 

fivoi 

Vll 


FIVEHOLE1 

FIVEHOLE1 

PADJUST 

VELOCITY 


1 row, m=1.0, 
x/d=44.3 


3. COMPOUND ANGLE, 


X/D = 86.3 




DATA RUN # 


DATA FILE 


GENERATING 

PROGRAM 


EXPERIMENTAL 

CONDITIONS 


82191.0842 


FIV2 (disc 10) 

nvP2 

nvo 2 

V14 


FIVEHOLE1 

FIVEHOLE1 

PADJUST 

VELOCITY 


2 rows, m=0.5, 
x/d=86.3 
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82291.0949 


FIV0 (disc 11) 


FTVEHOLE1 2 rows, m=1.0. 




FTVP0 


FTVEHOLE1 x/d=86.3 




FIVOO 


PADJUST 




V15 


VELOCITY 


82891.1100 


FIV1 (disc 11) 


FTVEHOLE1 2 rows, m=1.5, 

FIVEHOLE1 x/d=86.3 




FIVP1 


PADJUST 




FIVOl 

V16 


VELOCITY 


81491.0858 


FIV0 (disk 10) 


FTVEHOLE1 1 row, m=0.5. 




FIVP0 


FTVEHOLE1 x/d=86.3 




FIVOO 


PADJUST 




V12 


VELOCITY 


82091.1455 


FIV1 


FTVEHOLE1 1 row, m=1.0. 




FTVP1 


FTVEHOLE1 x/d=86.3 




fivoi 


PADJUST 




V13 


VELOCITY 


E. COMPOUND ANGLE INJECTION MEAN TEMPERATURE SURVEY 
DATA: 


Generating Program: ROVER1 




DATA RUN # 


DATA FILE 


EXPERIMENTAL 

CONDITION 


83091.2012 


TEM0 


1 row, m=1.0, x/d=9.9 


90291.1422 


TEM1 


2 rows, m=0.5, x/d=9.9 


90291.1900 


TEM2 


2 rows, m=1.0, x/d=9.9 


90391.0847 


TEM3 


2 rows, m=1.5, x/d=9.9 


90391.1416 


TEM4 


1 row, m=0.5, x/d=9.9 


90391.1952 


TEM5 


1 row, m=0.5, x/d=44.3 


90491.0936 


TEM6 


1 row, m=1.0, x/d=44.3 


90491.1451 


TEM7 


2 rows, m=1.0, x/d=44.3 
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90591.1000 


TEM8 


2 rows, m=1.0, x/d=44.3 


90591.1530 


TEM9 


2 rows, m=1.5, x/d=44.3 


90691.1500 


TEM10 


2 rows, m=1.0, x/d=86.3 


90691.2100 


TEM11 


2 rows, m=0.5, x/d=86.3 


90791.1000 


TEM12 


2 rows, m=1.5, x/d=86.3 


90791.1830 


TEM13 


1 row, m=1.0, x/d=86.3 


90791.2223 


TEM14 


1 row, m=0.5, x/d=86.3 
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